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SUMMARY 


Transition data on sharp- tip cones in two pilot low-disturbance wind tunnels at 
Mach numbers of 3.5 and 5 have been correlated in terms of noise parameters with data 
from several conventional wind tunnels and with data from supersonic flight tests on 
the Arnold Engineering Development Center 10° transition cone. The noise parameters 
were developed to account for the large axial variations of the free-stream noise and 
the very-high-frequency noise spectra that occurred in the low-disturbance tunnels 
for some test conditions. These two pilot tunnels utilize some new and unique tech- 
niques to reduce the free-stream noise levels below those which are present in con- 
ventional tunnels. One of these techniques involves the use of boundary- layer suc- 
tion slots upstream of the throat. By operating these tunnels with the suction off 
or on, the noise could be varied from high levels, approaching those in conven- 
tional tunnels, to extremely low levels. These changing noise levels resulted in 
transition-onset Reynolds numbers for the cone models that varied from about 2 x i o® 
to 8.5 x io® at the same unit Reynolds number. With the boundary- layer bleed off, 
the cone transition Reynolds numbers increased with unit Reynolds number, similar to 
the trend in conventional tunnels. With the boundary-layer bleed on, this trend was 
reversed because of the upstream movement of transition in the nozzle-wall boundary 
layer and the corresponding increases in stream noise. 

The final correlations indicated that transition in the low-disturbance tunnels 
was dominated by the local stream noise that was incident on the cone boundary layer 
upstream of the neutral stability point. The correlation results also suggested that 
high-frequency components of the low-disturbance-tunnel noise spectra had significant 
effects on transition when the noise was incident on the boundary layer both upstream 
and downstream of the neutral stability point. 


INTRODUCTION 


The powerful adverse effect of wind-tunnel noise on boundary- layer transition 
was clearly established several years ago by the remarkable correlations of Pate and 
Schueler (ref. 1) and Pate (ref. 2). Reference 1 showed that transition Reynolds 
numbers on a test model in Tunnel A at the Arnold Engineering Development Center 
( AEDC ) varied inversely with root-mean-square (rms) stream noise levels. The noise 
was increased above tunnel ambient levels by a factor of about 4 when the test region 
was enclosed with a cylindrical shroud and the boundary layer on the inside wall of 
the shroud was turbulent. The apparent universal dependence of transition on tunnel 
noise was then conclusively demonstrated (ref. 1) by the accurate correlation between 
transition Reynolds numbers (for the end of transition on planar models) and noise- 
dependent parameters in nine different wind tunnels at Mach numbers from 3 to 8. 

These correlating parameters were the mean skin friction and displacement thickness 
of the tunnel-wall turbulent boundary layers and the test-section circumference. 
Although stream noise data were not yet available in all these tunnels, the param- 
eters used in the correlation were related to the tunnel noise by inference from the 
earlier analysis and measurements in the 20-Inch Tunnel at the Jet Propulsion Lab- 
oratory (JPL) by Laufer in references 3 and 4. 


In reference 2, Pate successfully applied the same correlating parameters to 
transition on sharp-tip cones in 1 1 different tunnels over the Mach number range 
from 3 to 14. From these data and correlations, Pate also showed (ref. 2) that the 
ratio of transition Reynolds number for cones to that for planar models decreased 
from about 2.5 at Mach 3 down to about 1 at Mach 8. This transition ratio also 
appeared to decrease with an increase in tunnel size, which implies a decrease in 
the ratio with decreasing tunnel noise. 

Stainback first showed in references 5 and 6 that a quantitative relationship 
exists between wind-tunnel rms pressure levels and transition. The local Reynolds 
numbers at the onset of transition on sharp cones were correlated directly with the 
noise measured by a pressure transducer flush with the cone surface underneath the 
laminar boundary layer. With the local cone Mach number kept at 5 by using different 
cone angles, the correlations with rms noise levels for data from five different wind 
tunnels with free-stream Mach numbers ranging from 6 to 20 depended only on the ratio 
of surface temperature to total temperature and on whether the test gas was air or 
helium. The helium data at higher local Mach numbers (refs. 6 and 7) were later 
shown by Pate (ref. 8) to agree with his previous noise-parameter correlation for 
cones (ref. 2). 

Following Morkovin's comprehensive review (ref. 9) of the high-speed transition 
problem and his recommendation for the development of a low-noise hypersonic tunnel 
(based in part on the revelations of Pate and Schueler (refs. 1 and 2)), the 
Boundary-Layer-Transition Study Group ( BLTSG ) , chaired by Reshotko, formulated a 
Program for Transition Research (refs. 10 and 11) that included the development of 
low-disturbance wind tunnels. Progress reports on this part of the BLTSG program by 
a group of researchers at the Langley Research Center are available in references 12 
to 17. 


The most recent achievement by this Langley group is the development of a 
Mach 3.5 pilot low-disturbance tunnel (referred to hereinafter as the Mach 3.5 
pilot quiet tunnel (PQ tunnel)) that exhibits very low noise levels in upstream 
regions of the test rhombus up to a free-stream unit Reynolds number R ro of about 
7.6 x 10 5 per inch (refs. 18 and 19). These low noise levels were observed when the 
corresponding upstream "acoustic-origin" regions of the nozzle-wall boundary layers 
were maintained laminar. The laminar wall boundary layers occurred only when the 
turbulent boundary layer in the subsonic approach to the nozzle was removed by 
suction slots upstream of the throat. When the suction flow was turned off, the 
subsonic turbulent boundary layer spilled around the slot lips; then, the test stream 
noise levels and spectral energy at high frequencies increased by large amounts (at 
the same test condition) because of the resulting change in the nozzle-wall boundary 
layers from laminar to turbulent flow. The test stream noise levels, spectra, and 
axial distributions also varied over wide ranges as R^ varied from approximately 
2.5 x 10"* to 1 .5 x 10 6 per inch. 

Data obtained on a 5° half-angle cone in this quiet tunnel (ref. 19) showed that 
transition Reynolds numbers R g T varied over a wide range in response to the dif- 
ferent noise conditions with R M held constant. Besides these large changes in 
R e ip with Rg, held constant, the following unique results were also obtained; 

(1) the highest transition Reynolds numbers ever measured in a wind tunnel at this 
Mach number, and (2) startling changes in the effect of unit Reynolds number on 
R e T (usually characterized by the relation R g T « R^). l n these tests the expo- 
nent n varied from 0.5 to large negative values of -1.3, depending on changes in 
tunnel noise and cone location within the test rhombus. The unit Reynolds number 
effect observed in conventional wind tunnels, where n » 0.4, is usually attributed 
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to decreases in normalized stream noise levels with increasing R^. However, values 
varying from n a 0 for the Ludwieg Tube Mach 5 Wind Tunnel tests of Krogmann 
(ref. 20) to n » 0.6 for the ballistic-range data of Potter (ref. 21) cannot yet 
be explained (ref. 22). 

Transition data obtained previously at the Langley Research Center by Schopper 
in a Mach 5 pilot quiet tunnel (ref. 16) also showed some unusual trends with R OT 
when the subsonic boundary-layer suction slots were used. However, the variations of 
R e T with R^, and with the suction off or on were not as extreme as in the Mach 3.5 
tests. These smaller variations of R q t occurred primarily because transition was 
not obtained on the cone in the Mach 5 tests for the lowest range of unit Reynolds 
numbers when the nozzle-wall boundary layers were laminar. 

The purpose of the present investigation was to determine if the unusual range 
and trends in transition data obtained in both the Mach 3.5 (ref. 19) and the Mach 5 
pilot quiet tunnels can be ascribed to the corresponding unusual range in the levels, 
spectra, and axial variations of noise in the tunnels. Since detailed boundary- layer 
probe data are not yet available, the approach used in this investigation is to exam- 
ine correlations between the measured transition Reynolds numbers and various func- 
tions of the measured noise that may characterize the receptivity of the laminar 
boundary layer on the cone to the axial variations in the tunnel noise and to the 
noise spectra. Comparisons of the resulting correlations with previous correlation 
results similar to those of references 23 and 24, which show a quantitative relation 
between transition and noise levels of the uniform noise fields as measured in con- 
ventional wind tunnels and flight, will be used to assess the validity of the pro- 
posed correlation functions. 

Another matter of practical concern is the extent of the transitional-flow 
region from the onset to the end of transition. For example, Masaki and Yakura 
(ref. 25) showed that the extent of the transitional region can have a significant 
impact on the design of thermal -protection systems for hypersonic vehicles. Harvey 
and Bobbitt (ref. 26) presented correlations for the ratio of the onset to the end 
of transition Reynolds numbers from data in conventional wind tunnels and flight. 
Again, correlations of the quiet-tunnel data will be evaluated by comparison with 
these and other previous results. 


SYMBOLS 

A, A' constants (see eq. (7)) 

B constant exponent (see eq. (10)) 

C constant (see eq. (1)) 

F dimensionless frequency, 2itfv (W /u 00 

f frequency 

M Mach number 


Proposed NASA CR by M. R. Schopper (now at the David Taylor Naval Ship Research 
and Development Center, Bethesda, Md.) entitled "Boundary-Layer Transition and 
Supersonic Wind-Tunnel Noise." 
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N noise-correlation parameter (see eqs. (6) and (7) ) 

n exponent (see eq. (1)) 

P function of s (see eqs. (6) and (7) ) 

p pressure 

Q function of f and s (see eqs. (6) and (7) ) 


. • 1 2 v 2 

q dynamic pressure, — pu = pM 


e, T 


R 


e, TE 


R unit Reynolds number 

R. m local Reynolds number based on flow distance to transition onset 

local Reynolds number based on flow distance to transition end 
Reynolds number based on length of transition region 
> distance from apex of cone along cone generator 

' absolute temperature 

i streamwise velocity 

axial distance from nozzle throat 

axial distance from cone tip 
vertical distance from centerline of tunnel 
ratio of specific heats 
cone half -angle 
Mach angle in free stream 
kinematic viscosity 
mass density 

standard deviation from least-squares fit 
Subscripts: 

a most-amplified frequency 

e local conditions at edge of boundary layer 

m at maximum energy of spectrum 

N location on model of point on lower neutral stability curve 


X 

X' 

Y 

Y 
9 

Y 
v 

P 

a 


4 


o 

stagnation 

qt 

quiet tunnel 

ref 

reference 

T 

transition onset 

TE 

transition end 

t 

pitot probe 

tip 

cone apex 

w 

wall 

CO 

free stream 

Abbreviations: 

B.V. 

bleed valve 

LRC 

Langley Research Center 

PQ 

pilot quiet 

rms 

root mean square 

T.S. 

test section 

2-D 

two-dimensional 

Notations 

: 

~ 

root mean square 

- 

mean value 

< > 

average value (see eq. 


BOUNDARY-LAYER RESPONSE TO EXTERNAL NOISE 
Current Status in Conventional Tunnels 

The understanding of supersonic wind-tunnel noise and how its interaction with 
the laminar boundary layer on test models leads to premature transition has improved 
significantly since the early investigations of references 1 to 7. The most notable 
contribution to this improved understanding has been the work of Mack and Kendall 
(refs. 27 to 31). The importance of this unique joint effort to the research problem 
of transition in supersonic and hypersonic wind tunnels is emphasized by discussions 
in the earlier review paper of Morkovin (ref. 9) and in the more recent reviews of 
Reshotko (ref. 11) and Morkovin (ref. 32). In particular, the "receptivity" of the 
laminar boundary layer to the wind-tunnel acoustic noise field has been clarified. 
Thus, in reference 30, Mack describes how his forcing and stability theories may be 
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combined to calculate the amplification of disturbances in the boundary layer. He 
assumed that the forcing theory applies up to the neutral stability point for the 
particular frequency under consideration, and that the stability theory applies down- 
stream of that point. At M m = 4.5, the streamwise location of the peak response of 
the boundary layer to the incident noise, as computed from the forcing theory, is at 
about the same location as the neutral stability point for the same frequency. The 
trends of the peak amplification ratios measured by Kendall (ref. 31 ) within the 
boundary layer at this Mach number and over a range of frequencies were in good 
agreement with the combined forcing and stability theory up to the start of nonlin- 
earity, which occurred at a length Reynolds number of about 1.5 x 10®. Transition 
then followed farther downstream at a length Reynolds number of about 2.25 x 10® 
for the same tunnel conditions. This good agreement between theory and experiment 
implies that the tunnel noise enters the boundary layer and is amplified mainly 
upstream of the neutral stability point, but has little, if any, additional effect 
downstream of this point. 

It is important to emphasize here that the noise field in conventional wind 
tunnels is spatially uniform. (See ref. 4.) Therefore, the results of Mack and 
Kendall are of special interest for the present correlation efforts because the noise 
field was not spatially uniform within the quiet- tunnel test regions. In fact, for 
some cases the noise levels incident upon this upstream sensitive portion of the 
model boundary layer were so low that the hot-wire signal was within the range of the 
instrument noise (ref. 19). These quiet-tunnel data may then be used to determine, 
at least in a "macroscopic" sense, how transition is affected when tunnel noise is 
incident upon only those regions of the boundary layer downstream of the neutral 
point while the upstream, and presumably more sensitive regions of the boundary layer 
(as indicated by the aforementioned Mack-Kendall results), are deprived of the 
external-noise input that is present in conventional tunnels. 


Review of Quiet-Tunnel Data and Preliminary Assessment of 

Tunnel-Noise Effects 

Before we present the details of the present correlation attempts, we will first 
review briefly the available quiet- tunnel data. The local Reynolds numbers for the 
onset of transition are plotted against the local unit Reynolds numbers in figure 1 
for all the data from reference 19. These data were obtained in the Mach 3.5, two- 
dimensional, rapid-expansion nozzle described in the "Introduction." Sufficient 

• • • 9 

transition data from another quiet- tunnel investigation by Schopper at Mach 5 to 
show the trends observed are also included in figure 1 . Some of these earlier tran- 
sition data were also published in a review paper by Trimpi (ref. 33). Most of the 
data reported by Schopper were for the end of transition, so the data shown in fig- 
ure 1 have been "corrected" to the onset of transition by a procedure to be discussed 
later. The cross-hatched bands in figure 1 labeled "Flight Data" and "Conventional 
Wind-Tunnel Data" are identical to those used in reference 19 where the original data 
sources are referenced. All wind-tunnel data used in figure 1 , including the quiet- 
tunnel data, are for adiabatic wall temperatures on the surface of the test cones. 

All flight data are for cold-wall conditions with T w / T 0 ranging from about 0.3 
to 0.8, except for the data of references 23 and 24 which are for adiabatic wall 
tempe ra tur e s . 
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See footnote 1 on page 


3. 
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The quiet- tunnel data of Schopper were obtained in the Mach 5, slotted, rapid- 
expansion, axisymmetric nozzle (refs. 16 and 34), which was developed and tested at 
the Langley Research Center as part of the quiet-tunnel development program of the 
Boundary-Layer-Transition Study Group. This nozzle was equipped with a boundary- 
layer removal slot upstream of the throat. The function and operation of this slot, 
by means of bleed-control valves, was similar to that in the Mach 3.5 nozzle of 
reference 19. The available measurements of noise levels and spectra in the Mach 5 
nozzle are given in references 16 and 34 to 36. The spectra and axial distributions 
of the noise in this nozzle were similar to those in the Mach 3.5 nozzle (refs. 18 
and 19). That is, the noise levels in the upstream region of the test rhombus were 
about an order of magnitude lower than those near the nozzle exit, and the noise 
power spectra with bleed valves closed were characterized by peak energies at high 
frequencies from 40 to 80 kHz (ref. 35). Laminar boundary layers were observed on 
the wall of this Mach 5 nozzle at significant distances downstream of the throat 
when the bleed valves were open, but they were observed only up to 

« 3.8 x 10 5 per inch, which was too low to obtain transition (with laminar 
boundary layers on the nozzle wall) on the 8-in-long cone used for those tests. 
Nevertheless, representative transition data from this earlier investigation (of 
Schopper) with bleed valves both open and closed are included in figure 1 for 
comparison with the more recent quiet-tunnel data of reference 19. The agreement 
between the two sets of quiet-tunnel data at different Mach numbers and in dif- 
ferent nozzles is considered remarkable in view of the unusual trends and levels 
of these data as emphasized in the following discussion. The apparent lack of 
dependence of R g T on Mach number may simply indicate the dominant effect of the 
similar noise conditions in the two nozzles. 

Figures 1(a) and (b) show the transition data with bleed valve open and with 
the cone models at upstream and downstream locations, respectively. The peculiar 
decreasing trends of R SfT increasing R g , mentioned previously, are apparent 

in both figures for R e > 7 x io 5 per inch. The "unit Reynolds number effect" in 
conventional wind tunnels is often expressed in the form 


R 


e , T 


CR, 


(1 ) 


where C is a constant and the exponent n is usually a positive constant. Typical 
values for n vary from about 0.2 to 0.4, presumably because of the decreasing 

trends of the normalized rms pressure fluctuations with usually observed in the 

test sections. However, values of nearly zero have been recorded in some wind tun- 
nels. (See refs. 9 and 20.) The larger values for n of about 0.6 observed in bal- 
listic ranges (refs. 21 and 37), where stream disturbance levels are extremely small, 

are one of the major enigmas in transition research as pointed out by Morkovin. (See 
ref. 32.) The overall unit Reynolds number trend of the flight data shown in fig- 
ure 1 is n * 0.9 which, again, is inexplicable in terms of the presumably even 
smaller stream disturbances in these flight tests. Other factors, such as variable 
wall temperatures, may be involved in this apparent data trend with unit Reynolds 
number. Furthermore, some data from single flight tests used in figure 1 (see 
ref. 19) exhibit values of n near unity, which suggests a fixed transition location 
due to a local surface defect on the model. In view of these previous results and, 
especially, the previous results from conventional wind tunnels, the negative values 
for n of about -1.3 and -1.0 for R^ > 7 x 10^ per inch in figures 1(a) and (b), 
respectively, are certainly unique. These trends which, to our knowledge, have never 


7 



before been observed in any wind tunnel, have already been qualitatively related 
(ref. 19) to changes with R ra in the levels, spectra, and axial distributions of the 
tunnel noise. 

Typical axial distributions from reference 1 9 of the normalized rms static- 
pressure fluctuations measured along the nozzle centerline are shown in figure 2. To 
help provide a qualitative indication of the dependence of transition on the noise 
distributions, a portion of the nozzle contour with the cone positioned in its two 
test locations is included in the upper part of figure 2. The Mach lines that out- 
line the theoretical uniform test-flow rhombus are also shown. When the cone apex is 
at X = 5 in. , it is slightly upstream of this test-rhombus tip on the centerline. 
However, mean-flow pitot-pressure surveys reported in references 18 and 19 show that 
the mean flow is essentially uniform to X = 5 in. The symbols plotted on the cone 
surface in figure 2 represent the measured locations of transition at selected values 
of R ro corresponding to noise data in the lower part of the figures where the same 
symbols denote test conditions at about the same values of R OT . Thus, for example, 
at R ra 2.5 x 105 per inch with bleed valve open (square symbols in fig. 2(a)), 
transition does not occur on the cone even though the noise levels increase to about 
0.8 percent near the end of the cone when it is positioned in the downstream test 
location. At R ffl » 5.3 x 10 5 per inch (triangle symbols), transition does occur 
on the cone but in about the same spatial region in the nozzle (X ® 17.5 to 
20.2 in.) for both test locations of the cone. In figure 2(b), the behavior of 
transition at R OT « 7.9 x 10^ per inch is similar to that just noted; but at 
R ro » 12.4 x io 5 per inch, the average distance to transition from the cone tip is 
about 3 in. at both test locations since the noise has then increased above the 
extremely low "laminar" levels (P^/P^ < 0.1 percent) all the way to the apex for both 
test locations. From these examples, it is apparent that transition on the cone is 
strongly affected by the location in the test flow where the noise increases from 
very low levels to higher levels caused by transition from laminar to turbulent flow 
in the nozzle-wall boundary layer at the upstream acoustic origins. (See ref. 19.) 
This "transitional" location within the test flow moves upstream with increasing R ro 
and apparently has an increasing effect on transition as it approaches the more sen- 
sitive regions of the cone boundary layer in the vicinity of, or upstream of, the 
lower neutral stability point, which is roughly 1 in. from the cone tip for these 
test conditions. Clearly, the reverse trends of R„ m with n in figures 1 (a) 
and (b) are related to the differing receptivities to tunnel noise of the regions 
in the cone boundary layer upstream and downstream of the lower neutral stability 
points. 

Also to be noted in figures 1(a) and (b) are the high values of R _ obtained 

6 f 1 

in the Mach 3.5 investigation where a 15-in-long cone was used. Some of these R e T 
values are not only higher than any measured before in wind tunnels at this Mach 
number but they are also in agreement with the lower range of values from flight 
data. Although stream noise or disturbance measurements are not usually available 
for flight tests, these disturbances are generally believed to be quite small. 

Sources for the flight data used in figure 1 are given in reference 19 and include 
the recent high-quality data of Dougherty and Fisher (refs. 23 and 24). They 
obtained both transition and stream-disturbance data over the Mach number range from 
0.4 to 2.0, but only their data for M g > 1.6 have been used in figure 1. 

The bleed-valve-closed transition data are shown in figures 1(c) and (d), again 
for the same two axial locations of the cones. For these higher tunnel-noise con- 
ditions, the quiet-tunnel data are generally closer to the data for conventional wind 
tunnels, but they range from somewhat above to considerably below the conventional- 
tunnel data. (The sources for the conventional-tunnel data used in fig. 1 are given 
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in ref. 19 and are restricted to the smaller tunnels and to the range of Mach number 

M g from 2.5 to 4.4.) Although the overall variation of R q ^ with R g is similar 

to that for the conventional-tunnel data, there appear to be ' regions of significantly 

lower values of R e , T i n ranges of unit Reynolds number R g from approximately 

5 x io 5 to 6 x 1 0 5 p er i nc h in figure 1(c) and from approximately 3 x 10^ to 

5.5 x io^ per inch in figure 1(d). These low values of R g T are again related to 

the tunnel-noise distributions which are shown in figures 2(c) and (d) for the bleed- 

valve-closed condition. Thus, the large "transitional" peaks in noise levels for 

R^ a 2.5 x io~’ and 5.3 x io^ per inch (fig. 2(c)) in the upstream regions of the test 

rhombus are probably the main cause of these low values of R . 

e f T 


When R g is increased above 7.5 x io^ per inch, the values of R g T and the 
trends of R g T with R e shown in figures 1(c) and (d) are in good agreement with 
conventional-tunnel data, probably because the noise field is more nearly uniform in 
the upstream regions of the test rhombus. However, since these noise levels are 
still quite low, this agreement in the values and trends of R g with conventional- 
tunnel data does not result in agreement with the accepted noise correlations of 
transition data in conventional tunnels. As will be seen in the next section of this 
report, agreement with the previous noise correlations can be obtained only by 
accounting for the markedly higher frequency peaks in the noise spectra of the quiet 
tunnels. With this review of the quiet-tunnel transition and noise data, we are now 
ready to formulate some proposed quantitative noise parameters that will be con- 
sidered in the following correlations. 


NOISE FUNCTIONS AND APPLICATIONS TO R CORRELATIONS 

G f 1 

General Forms 

Figure 3 is presented to show that the quiet-tunnel data do not correlate with 
the other data in the figure in terms of the rms average noise parameter <p/q>» 
Apparently, special noise-related parameters will be required to account for the 
effects on transition of the unique axial distributions and frequency content of the 
quiet- tunnel noise. The Reynolds numbers for the onset of transition are plotted in 
figure 3 against the "average" noise incident upon the cone from the tip to transi- 
tion onset for the two sets of quiet-tunnel data (ref. 19 and Schopper's Mach 5 
data). The average noise is defined as 



Since noise data are not available for each transition data point from reference 19 
shown in figure 1, or for all of Schopper's Mach 5 data, average values of R e T for 
the upstream and downstream test locations have been selected for the several unit 
Reynolds numbers for which noise data were obtained with the bleed valve open and 
closed. These selected values of R and the corresponding test conditions are 

listed in table I for both quiet-tunnel investigations. For comparison, the 
transition-onset Reynolds numbers from several conventional wind tunnels (refs. 5, 6, 
38, and 39) and from flight (ref. 40) are also plotted in figure 3 against the corre- 
sponding measured noise which is assumed to be uniform along the entire cone for 
these data. Noise data from references 4 and 41 are used with corresponding transi- 
tion data from references 39 and 38 (AEDC Tunnel A), respectively. These data from 
conventional tunnels and from this recent flight experiment will be used throughout 
this report as a representative set of established data for a reference standard to 
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develop the required correlation parameters. To reduce the number of variables that 
complicate correlation efforts, these data have been limited to the local Mach number 
range from 1.5 to 5.0 and, except for the data from references 5 and 6, to adiabatic 
wall temperatures. 

Equation (2) was used in a first attempt to account for the axial variations in 
noise for the quiet-tunnel data. Also, when p/q is constant, which applies for 
conventional wind-tunnel data and flight data, that constant value is recovered. For 
all hot-wire data, p/q is defined as 


P 

q 


y 2 - 
■q M p 
2 e a 


(3) 


When the noise data are obtained from pressure transducers flush with the model 
surface, then p/q is defined as 


P 

q 


y 2 - 

o M P 
2 e e 


(4) 


These equivalent forms are based on comparisons of both types of data from several 
different wind tunnels in the review paper by Laderman (ref. 42), where it was shown 
that values of P^/Pa, from hot-wire data are approximately the same as values of 
P e /P e from pressure transducers on cones underneath the laminar boundary layer when 
the tunnel flow conditions are the same. Ifee of the local cone Mach number M e , 
rather than the free-stream Mach number M ra , in the dynamic-pressure parameters as 
defined previously is based on the good correlation results of Harvey (ref. 43) , 
where a similar definition of q was used. For the flight data of Fisher and 
Dougherty (ref. 40) , the normalized rms noise parameter is defined herein as 


P 

q 


Y 2 - 
2 M e P t 


(5) 


This definition is based on comparisons of hot-wire and pitot-pressure measurements 
in references 19, 34, and 35, where it was shown that P t /p fc is approximately equal 
to P ro /Poo when the peak energy in the pressure-fluctuation spectra is below 30 to 
40 kHz. This limitation obviously depends on the probe size, the transducer reso- 
nance properties, and other test conditions; however, the flight data of reference 40 
easily qualify in all respects since the measured peak energy was below 2 kHz. 

Figure 3 shows that the flight data from reference 40 and the data from conven- 
tional wind tunnels are correlated fairly well with this noise parameter within a 
"scatter" band of about ±20 percent. The same type of correlation with the same 
scatter was obtained previously by Dougherty and Fisher (refs. 23 and 24) for the 
AEDC transition cone used for the flight tests and in 23 wind tunnels over the Mach 


number range from 0.25 to 4.60. Data from three additional wind tunnels (refs. 5, 6, 
and 39) not used in that previous correlation are included in figure 3; however, the 
range of Mach number M q is restricted here from approximately 1.5 to 5.0. Since 
the quiet-tunnel data points show no "self-correlation" of their own and do not 
correlate with the other conventional wind-tunnel data or flight data, it is now 
clearly evident that a simple average of the incident rms noise is not a correlating 
parameter for the quiet- tunnel data. Most quiet- tunnel data from reference 19 are 
not within the correlation scatter band of the other data, except for a few points at 
the highest values of R g T with the bleed valve open. These few data points are in 
excellent agreement with the flight data. 

A modified noise-correlation parameter of the following general form is now 
proposed: 


N 



Q(f,s) ds 


( 6 ) 


where the definitions for p/q from equations (3) to (5) will be retained and used 
as required by the type of noise data available for each set of transition data. The 
function P(s) is intended to indicate whether the cone boundary-layer response to 
the axial variations of the rms tunnel noise is dependent on the distance from the 
cone tip. Of course, in the absence of "microscopic" data within the cone boundary 
layer, the only way to arrive at a judgment concerning the validity of this type of 
"receptivity" function is, first, to find out, essentially by trial and error, if a 
chosen function improves the self-correlation of the quiet-tunnel transition data and 
then, second, see if the degree of correlation with the other data is also improved. 
The other function (Q(f,s)) in equation (6) will be used in much the same way as 
the P function but for the purpose of characterizing the effects on the correlation 
of selected properties of the noise spectra, such as frequency or wave number. These 
properties of the noise spectra are already known (ref. 19) to be much different from 
those in conventional wind tunnels. The parameter A is simply a constant that will 
be used to normalize the integrals of P and Q so that when p/q is constant, the 
desired relation N = p/q will be recovered. This normalizing feature will facili- 
tate comparisons with the correlation for conventional tunnels and the flight data 
(ref. 40) as presented in figure 3. 

The selection of these functions can benefit from the Mack-Kendall results 
previously mentioned. Thus, the combined forcing and stability theories (refs. 30 
and 31) suggest, first of all, that equation (6) should be divided into two terms to 
provide for differing sensitivities of the cone boundary layer to the incident noise 
at locations upstream and downstream of the neutral stability point. Equation (6) is 
then written as 



(7) 


where P = 1 has been used from the cone apex to the neutral stability point to 
account crudely for the forced amplification in the boundary layer of the incident 
noise in this region. (See refs. 30 and 31.) 



Self-Correlation of Mach 3.5 Quiet-Tunnel Data 


The next step in deriving the correlation functions is to try some likely 
functions for P in the second term of equation (7), while using Q = 1 and 
A = 1 to see if any degree of self -correlation can be obtained for the quiet-tunnel 
data. Besides the use of A'P = 1 , as applied in equation (2) and figure 3, three 
other arbitrary functions have been used as follows: 


A'P 



( 8 ) 


A'P = 2 


s m - s 
T 

s - s 
T N 


and 


s - s. 


A' P ~ B exp -B 


N 

s - s 
T N 


(9) 


(1 0 ) 


The approximate form of equation (10) results because B > 10 in this investiga- 
tion. The effects of using the functions in equations (8), (9), and (10) on the 

self -correlation of the Mach 3.5 quiet-tunnel data from reference 19 are shown in 
figures 4(a), (b), and (c), respectively. Ihe values of s N used as limits for 
the integrals of equation (7) are listed in table 1(a). These values, which were 
estimated from linear-stability calculations made by Malik with his computer code 
of reference 44, were applied to the present conditions for the most-amplified fre- 
quencies over the range of typical values of R 0 T . Schopper's Mach 5 data were not 
used here because values of s N were not available for the conditions in those 
tests. The values of p/q and f used for the transition data from reference 19 
are given in table II as functions of X. The corresponding selected average values 
of R „ are listed in table I. The noise was measured along the nozzle centerline 
at the indicated X stations (table II). To determine the location of that noise 
incident upon the cone surface, we have assumed that these centerline values are 
projected in the upstream direction along a Mach line in accordance with the physical 
requirement and ejqperimental observations (ref. 19) that noise is propagated along 
Mach lines in supersonic flow. The relation between the X location of the measured 
centerline noise levels and spectra (table II and fig. 2) and the corresponding 
location on the cone surface where that noise interacts locally with the cone 
boundary layer is then given by 


s 


cos 8 + 


sin 8 
tan p 


( 11 ) 


12 


r 


as illustrated in the following sketch: 



Figures 4(a) and (b) show how the cosine and linear functions defined by equa- 
tions (8) and (9), respectively, improve the self -correlation of the quiet-tunnel 
data compared with the unmodified average noise parameter of equation (2) as shown in 
figure 3. The standard deviation a, from the least-squares straight-line fit shown 
in all the correlation figures, may be used as a comparative index of the "quality" 
of the correlations. Thus, the linear function appears to be slightly better than 
the cosine function. If this trend of improved correlations with decreasing values 
of P in the region from s N to s T continues, then we would have expected the 
exponential function (eq. (1 0) ) to give better results than the cosine and linear 
functions with moderate values of B around 3 or 4. However, the large value 
of B = 12 was required to minimize a to the value of 8.1 x 1 0->, as shown in 
figure 4(c). 

To provide the reader with a visual impression of how much the various P func- 
tions modify the local noise parameter p/q (which also varies with s, but only for 
the quiet-tunnel data), the following sketch may be consulted: 




Thus, when B = 1 2, the effect of the local noise on the self -correlation and, by 
implication, on the location of transition is nearly zero about halfway between 
s N and s T . Hie total effect on the noise in the region upstream of s N depends 
not only on the local noise levels there, which from figure 2 may be very small, but 
also on the ratio of s n/ s t' which varied from about 0.08 to 0.32 for the selected 
data used here. (See table I. ) 

The flight data and conventional-tunnel data (which are plotted the same as in 
figure 3 because N = <p/q> when p/q is constant) are also shown in figure 4 for 
comparison. In figure 4(c), the self-correlation of the quiet-tunnel data is 
obviously much better than that obtained with the other p functions; however, most 
of the bleed-valve-open data have been shifted by varying amounts .to the left, 
whereas the bleed-valve-closed data have generally shifted by smaller distances or 
not at all. Thus, there is now very poor correlation between the quiet-tunnel data 
and all other data. This poor correlation is apparently caused by the exponential 
type of P function used and its normalizing constant, which reduces the magnitude 
of N by large amounts when most of the noise is incident on the boundary layer 
downstream of the neutral point. However, since this function improves the self- 
correlation of the quiet-tunnel data significantly, we conclude that it does provide 
a reasonably good model of the boundary-layer response to the variable external noise 
and shows how that noise then affects transition. 

This result might have been expected from Mack's combined forcing and stability 
theory (ref. 30) and the good agreement of the predicted boundary -layer -disturbance 
amplitudes with Kendall's data (ref. 31). Hie assumption was made in this theory 
that the tunnel noise entered the boundary layer only upstream of the neutral 
stability point. Hie direct application of this assumption to the quiet-tunnel data 
would reduce equation (7) to the form 


N 


A 

S N 



S N P 

- Q ds 

q 


(1 2 ) 


We then set Q = 1.0 and A = 1.0, as before, to consider only the self -correlation 
of these data. The result is shown in figure 5 where the same R g T values from 
table I are plotted against N, as now defined by equation (12). frie value of a is 
reduced to 5.3 x 10^, which is a significant improvement over any of the other P 
functions used in figure 4. It follows that Mack's assumption (ref. 30) appears to 
be confirmed for the present data. Hiese results imply that only the rms levels of 
tunnel noise incident on the boundary layer upstream of s^ have any effect on 
transition. However, this implication cannot be entirely correct for the present 
data since, as mentioned previously in the discussion of figures 2(a) and (b), the 
values of R were reduced significantly by simply moving the cone downstream 

G f i c 

within the tunnel noise field at the two unit Reynolds numbers of 5.3 x 1 CP and 
7.9 x 105 per inch. For these two unit Reynolds numbers, the rms levels of noise 
incident upon the boundary layer upstream of s N were always quite small. 

From the reasonably good self -correlation results obtained by using both terms 
of equation (7), as shown in figure 4(c), it may then be concluded that the noise 
incident on the boundary layer downstream of the neutral point does have some effect 
on the location of transition, presumably by interacting with the unstable Tollmien- 
Schlichting waves. However, from the results shown in figure 5, it may also be 
concluded that the noise incident on the boundary layer upstream of s N probably has 
a dominant effect on transition. Any apparent conflict here can be resolved only by 
"microscopic" probing of the model boundary layer similar to the work of Kendall 
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(ref. 31). That is, detailed experimental studies will be needed of the response 
("receptivity") of the boundary layer, in terms of local amplitudes and frequencies, 
to the large axial variations in levels and spectra of the external disturbances in 
this tunnel. These studies would be designed to reveal how the external disturbances 
excite or modify the internal Tollmien-Schlichting waves of the boundary layer. 


Correlation of Quiet-Tunnel Data With Other Data 

Comparison of figure 4(c) or 5 with figure 3 shows that none of the quiet-tunnel 
data correlate with the other data in terms of the effective noise parameter N when 
the function Q equals 1 . This result implies that the critical rms noise levels 
which are incident on the more-sensitive upstream regions of the cone boundary layer, 
where the most "damage" is done toward promoting early transition, are much smaller 
(by about an order of magnitude) than the corresponding noise levels in conventional 
tunnels or in flight. Therefore, some other property of the quiet-tunnel noise, that 
is not present in conventional tunnels, must be causing the poor overall correlation 
in figure 4(c). 

Reshotko pointed out (ref. 45) that apparent discrepancies in transition data 
obtained in different wind tunnels, such as the effect of wall cooling, could be 
accounted for by differences in a characteristic dimensionless frequency or wave- 
length of the disturbance environment as predicted by stability theory. He therefore 
cautioned that spectral components of available disturbances, which are relevant to 
instability-amplification processes, should be carefully considered in the evaluation 
of experimental results. Accordingly, in an attempt to characterize one notable 
difference between the frequency spectra in the quiet tunnels and those of conven- 
tional tunnels, we define the frequency function Q in equation (7) as 


Q = 


(F R ) . 

m °° qt 

(F R ) 
m °° ref 


(13) 


which is the ratio of a characteristic wave number in the quiet tunnels to that found 
in conventional tunnels. For the present purposes, F^ is selected as the dimen- 
sionless frequency of the peak energy in the noise spectra. This value is multiplied 
by the corresponding free-stream unit Reynolds number. The product of F R^ i- s then 
a characteristic wave-number parameter rather than a frequency parameter. From 
available published spectra for two conventional tunnels and from the flight tests of 
Fisher and Dougherty (ref. 40), it was found that this product was nearly constant at 
the value of 0.25 per inch. The sources and values of F m and R^ used to arrive 
at this value are listed in table III. For the present correlation attempts, we have 
therefore assigned this value to all other conventional wind tunnels and to other 
flight conditions for the data to be used. (These are the same data already pre- 
sented in figs. 3 and 4.) With this definition, the frequency parameter Q is unity 
for all these data, and so the required normalization of that function is satisfied. 

In the quiet tunnels, F m R 00 is a function of X and R^, as shown in fig- 
ures 6(a) and (b) for the bleed valve open and closed, respectively. The corre- 
sponding frequencies and the F m values are also given in table II. All spectral 
data obtained on the centerline of the Mach 3.5 quiet tunnel have been used here. 

Some of these data at R OT » 5.3 x 10 5 and 7.9 x 10^ per inch were published in 
reference 19. For R^ « 2.5 x 10 5 per inch with bleed valve open, some spectral 
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data obtained with pitot-pressure probes at small values of X from reference 18 
were also used. Only three values of F m for the Mach 5 quiet tunnel were available 
from published spectra (ref. 35). These spectra were for the bleed valve closed, and 
the corresponding F m R oo values are included in figure 6(b). Obviously, the selec- 
tion of definite peaks from any of these spectra during the experiments was not 
always very precise and the spectral distributions were not always repeatable. Thus, 
the data shown in figure 6 should be considered as indicative of only approximate 
magnitudes and trends as perhaps would be apparent from the rather large scatter of 
the data. 

In view of these limitations on the spectral data and values of Q, as well as 
questions about the basic concepts involved, it came as a surprise to obtain the 
overall good correlation between the quiet-tunnel data and the other data, as 
displayed in figure 7. Here, N is computed from both terms of equation (7) with 
A = 1, A'P is defined by equation (10), and Q is defined by equation (13). This 
"good" correlation (compare a = 7.0 x 10^ from fig. 7 with a = 6.6 x 10^ from the 
reference data in fig. 3) emphasizes the importance of noise spectra in these quiet- 
tunnel transition data. 

One possible reason for the good correlation shown in figure 7 is that the most- 
amplified frequencies, which were computed by Malik for the present conditions with 
his linear-stability code (ref. 44), gave values of F = R„ that were in the range of 
the peak values used in the correlations. Malik's results are given in the following 
table: 


R e /in * 

X T' 

in. 

R e,T 

Most- 
amplified 
f _ , kHz 

cl 

F a 

F a R oo/i n - 

• 

X 

o 

10.9 

8.19 x io 6 

77 

2.54 x 10 5 

18.3 

5.06 

13.4 

6.81 

64 

3.11 

15.2 

2.41 

14.5 

3.51 

30 

3.06 

7.1 


By comparing these values of F with the maximum experimental values of F m R oo 

in figure 6, it is clear that high levels of disturbance energy at the most-amplified 
frequencies would be available in the quiet tunnels, except in the upstream regions 
of the test rhombus for the bleed valve open at the two lowest values of 
(fig. 6(a)) and at the lowest unit Reynolds number for the bleed valve closed 
(fig. 6(b)). 

Another possible reason, or "explanation," for the apparent direct influence of 
dominant stream-disturbance wave numbers on transition, as implied by the correlation 
of figure 7, may be developed as follows: From a correlation of experimental data 
for the Reynolds number based on length of the transition zone with the onset transi- 
tion Reynolds number, Dhawan and Narasimha (ref. 46) derived a relation between 
transition Reynolds number and the average production rate of turbulent spots. From 
an optical study of turbulent spots at a Mach number of 1.96, Spangenberg and Rowland 
(ref. 47) showed that the Reynolds number at the point of origin of the spots varied 
with their production rate in such a way as to suggest that the spots may have devel- 
oped from Tollmien-Schlichting (TS) waves. More recently, Chen and Thyson (ref. 48) 
utilized transition data for Mach numbers up to 5 in the derivation of a relation 
similar to that of reference 46 between the turbulent-spot-formation rate and transi- 
tion Reynolds number. They next assumed that the spot-formation rate (per unit time 
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and unit spanwise distance) was proportional to the ratio of the input disturbance 
frequency and the spanwise wavelength of three-dimensional structures which have been 
observed to evolve from TS waves. They computed this spanwise wavelength from the 
experimental streamwise length of the transition zone and the spot-growth properties. 
Their predicted trends of input disturbance frequency with transition Reynolds number 
then agreed with trends from stability theory. It may be tentatively concluded that 
transition onset is related to the turbulent-spot-formation rate which is determined 
by the most-amplified TS frequency and the spanwise periodicity of the three- 
dimensional distortion of TS waves. The present correlation results with Q 
included, as defined by equation (13), may also indicate that mechanisms of this type 
are involved in the transition process. Obviously, detailed experimental data are 
required to establish these possibilities. 

It is appropriate to conclude this section with one additional comment on the 
use of equation (7) in regard to the two terms which allow distinctly different 
treatment of the regions upstream and downstream of the neutral stability point. 
Figure 5 showed the result of using only the upstream term of equation (7) to test 
the self-correlation capability of that term. As a sequel to that result, we return 
to equation (12), which is a more-general form of that upstream term, and insert 
the Q function as given by equation (13). The result of this exercise (the fig- 
ure will not be included here) was an overall correlation with a = 8.8 x 10^ (com- 
pared with a = 7.0 x io 5 for fig. 7) and with some of the quiet-tunnel data points 
rather far removed from the correlation line. This suggests that the high-frequency 
noise components may be more effective downstream of the neutral point than upstream 
of that point in terms of changing the transition location. 

Self-correlation of all quiet-tunnel data .- As mentioned previously, values 
of s^ were not available for the Mach 5 quiet- tunnel data. However, since a few 
spectra were available, it is of interest to see if the Q function of equation (13) 
will also improve the overall correlation of the Mach 5 data as compared with that 
of figure 3. Therefore, we return to equation (8) and first consider the self- 
correlation of all the quiet-tunnel data with Q = 1 , A = 1 , and the exponential 
form of equation (10) for the function P. The minimum value for 0 = 6.7 x 10 ^ was 
obtained with B = 14, and the results are shown in figure 8(a). We conclude that 
the exponential P function works quite well for both sets of quiet- tunnel data. 

Figure 8(b) shows the least-squares straight-line fit to the Mach 3.5 data only 
for which 0 = 5.8 x io 5 with B = 13. This value of 0 should be compared with 
the lowest value of 0 = 5.3 x 10^, as obtained previously for the Mach 3.5 data 
using equation (12) (with Q = 1 and A = 1) as plotted in figure 5. From this 
comparison, it is apparent that the exponential form of P used for the integration 
from the cone apex to s T is nearly as effective as the use of P = 1 applied from 
the apex to s N only. This result shows again that the noise incident on the cone 
boundary layer downstream of the neutral stability point does affect transition. 
Furthermore, the noise appears to have an exponentially decreasing effect on transi- 
tion as that point is approached. 

Application of Q function to all quiet data .- We next insert into equation (6) 
the Q function, as defined in equation (13), and use the exponential P function 
to test the correlation of both sets of quiet-tunnel data with all other data. The 
result is shown in figure 8(c) where the minimum 0 of 7.4 x 10^ was obtained with 
B = 10. Again, this minimum 0 is almost as low as the value of 0 = 7.0 x 10^ 
obtained with the double-term form given by equation (7) and plotted in figure 7. 
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From these results, we may conclude that for practical purposes, the single-term form 
for N given by equation (6) is about as effective as the double-term form of 
equation (7). 


CORRELATIONS FOR THE TRANSITION-REGION LENGTH 

All Data 

Dhawan and Narasimha (ref. 46) showed that the Reynolds number based on the 
length of the transition region R^ g increased with increasing transition Reynolds 
number at about the same rate for widely different conditions in subsonic and super- 
sonic wind tunnels. From a correlation equation for these data, they calculated the 
average rate of formation of turbulent spots which varied inversely with transition 
Reynolds number to about the 1 .6 power. If the rate of turbulent-spot formation 
depends on the wind-tunnel disturbance levels and spectra, some correlation between 
R^ and the tunnel disturbances might be expected. 

Harvey and Bobbitt (ref. 26) plotted the ratio R e,T/ R e,TE from the AEDC 
cone data (refs. 39 and 41) against the rms noise parameter Poo/5oo* Since 


e,T 


R 


-1 


= 1 + 


e,TE 


e, As 
R 

e,T t 


a correlation between this transition ratio and the same noise parameter would also 
be expected. However, the Mach number range for these data used in reference 26 was 
from about 0.2 to 3.5, which may have accounted for the relatively poor correlation 
shown there because the noise-generating mechanisms and noise-frequency content in 
subsonic and transonic tunnels are entirely different from those in supersonic 
tunnels (ref. 49). Thus, for the present purposes, we have restricted the range of 
Mach number M g from 1.5 to 5. The ratio s T /s TE (which, for sharp cones in 
supersonic flow, is equal to R 0 T / R e TE is plotted against N in figure 9, where 
N is defined by equation (6). ihe minimum value of a is 0.078 for which a value 
of B = 13 was required as compared with B = 10 in figure 8(c). This result 
suggests that the ratio s m /s m „ should correlate directly with r about as well, 

l l h* , © f x 

since the same noise function also correlated R g T with N. Accordingly, all data 

are plotted against R g T in figure 10. Here, a is equal to 0.070, which appears 

slightly better than the correlation of s T /s TE against N in figure 9. However, 

the values of a for figures 9 and 10 may not be directly comparable because of the 

larger number of data points used in figure 10. Nevertheless, from these results, it 

may be concluded that the ratio s m /s m „ for sharp cones in supersonic flow corre- 

1 X Jli t 

lates directly with R_ _ about as well as with the noise parameter N defined by 

© f X 

equation (6). The physical implication of this conclusion is simply that the same 

noise parameters that correlate R _ also provide a reasonable correlation of the 

. . . 6/1 

length of the transition region. 


Mach 5 Quiet-Tunnel Data 

As mentioned previously, most of the transition data from the Mach 5 quiet 
tunnel reported by Schopper were for the end of transition. This occurred not only 
because of the lack of onset data but also because the reliability of the onset data 
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was poor as a result of heat-conduction problems related to the test procedures and 
conditions. Also, there was a heat-sink region between the upstream and downstream 
thermocouple locations which sometimes interfered with the reliable location of 
transition. 

An assessment of the Mach 5 noise data indicated that in the range of test 
conditions where transition was on the 8-in-long model (R g > 6 x 10^ per inch), the 
axial distributions and spectral characteristics of the noise were similar to those 
in the Mach 3.5 quiet tunnel with the bleed valve closed. Accordingly, the data of 
Schopper for the end of transition were corrected to the onset by using the dashed 
and solid lines shown in figure 11. These lines are the least-squares fits to the 
Mach 3.5 data for the bleed valve closed with the cone in the two test positions. 

The dashed line is for the forward position of the cone, which was applied to the 
Mach 5 data with = 5.7 in., and the solid line is for the downstream location, 

which was applied to’ L ?he Mach 5 data with x t - =7.6 in. Later on, several plots 

of the original recovery-temperature data for the Mach 5 tests were obtained. Values 
of s T /s TE from these plots by the straight-line-fairing technique described in 
reference 19 are also plotted in figure 11, which indicates that reasonable agreement 
with the Mach 3.5 data was obtained. On account of the similar noise conditions in 
the two quiet tunnels, this agreement justifies the correction procedure just 
described. 


CONCLUDING REMARKS 

Transition data on sharp-tip cones obtained previously in two low-disturbance 
wind tunnels at Mach numbers of 3.5 and 5 were affected significantly by large 
variations of stream noise levels and spectra. The noise conditions were varied with 
on or off control of boundary-layer bleed upstream of the nozzle throats and by 
varying the test unit Reynolds number. By appropriate manipulation of these test 
variables, the nozzle-wall boundary layers could be either maintained partially 
laminar or caused to be fully turbulent over the same range of unit Reynolds number. 
The corresponding stream noise levels were then either extremely low, with no energy 
at high frequencies, or were much higher, approaching the levels in conventional 
tunnels, but with energy at much higher frequencies than in conventional tunnels. 

The quantitative effects of these variable-noise conditions on the transition 
Reynolds numbers in the quiet tunnels are demonstrated in this report by correlations 
with previous data in several conventional wind tunnels and in flight where the local 
Mach number range was restricted to values between 1 .5 and 5. Correlation parameters 
were developed for this purpose that utilize functions of the distance from the cone 
apex and of a wave number which characterizes the higher frequency energy found in 
the quiet- tunnel noise spectra. These functions were normalized so that when the 
external noise was spatially uniform and contained only low-frequency components, as 
measured in conventional wind tunnels and in flight, the root-mean-square noise 
parameters used in previous correlations of these data were recovered. However, when 
the functions were applied to the quiet-tunnel data for which large axial variations 
in noise levels and spectra occurred, they modified the local noise and appeared to 
account indirectly for variations in local receptivity of the cone boundary layer in 
response to the quiet-tunnel variable-noise conditions. 

The final correlation results then showed that transition in these quiet tunnels 
was dominated by the local stream noise incident on the cone boundary layer upstream 
of the neutral stability point. The noise incident on the boundary layer downstream 
of the neutral stability point apparently had an exponentially decreasing effect on 
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transition as the distance from the neutral point increased. The correlation results 
also suggested that frequencies, or wave numbers, in the region of peak spectral 
energies may be involved directly in the transition process. 

The extent of the transition region, expressed as the ratio of the flow distance 
to transition onset to the flow distance to transition end, correlates with essen- 
tially the same noise parameters used for the transition-onset Reynolds numbers. 

This ratio therefore correlates directly with the transition-onset Reynolds number 
for all the data used herein. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
November 18, 1983 
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TABLE I.- SELECTED TRANSITION DATA FROM TWO QUIET-TUNNEL INVESTIGATIONS 


2.7 x 10 J 

5.7 
8.5 

10.8 

13.6 

16.0 


(a) =s 3.5; data taken from reference 19 

Bleed valve open | 


Bleed valve closed 


Neutral- 

point 


X tip 

5 in. 

X tip 

8 in. 

X^. =5 

tip 

in. 

tip 

8 in. 

R e,T 

S T / S TE 

R e,T 

s T /s TE 

R e,T 

s T / s TE 

1 R e,T 

S T /,S TI 

o 

X 

o 

0.91 

5.2 x 10 6 

0.88 

3.3 x io 6 
3.0 

0.84 

.70 

M fO 

O 

X 

o 

<T> 

0.80 

.63 

8.0 

.89 

5.8 

.87 

3.8 

.78 

3.4 

.75 

4.8 

.78 

3.4 

.72 

4.0 

.76 

3.4 

.73 

4.1 

.73 

3.4 

.67 

4.0 

.74 

3.3 

.68 

3.2 

.60 

3.2 

.65 

3.5 

.69 

3.5 

.66 


(b) M m = 5.0; data taken by Schopper 


Bleed valve open 


R e,T s t/ s TE 


6.4 x io 



5.1 x 10 W 3.9 x io u 

5.7 4.7 

4.9 3.7 

5.6 4.5 


3.6 x 10 6 4.1 x 10 6 2.9 x 1 0 6 0.70 
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TABLE II.- VARIATION OF ROOT-MEAN-SQUARE NOISE AND FREQUENCY 
AT SPECTRAL PEAK FOR MACH 3.5 QUIET TUNNEL 


(a) Bleed valve open 


= 

5.3 x 10 

^ per 

inch 

X, in. 

P/5r 

percent 

V 

kHz 

F x 1 0 5 
m 





4.5 

0.003 

3 

0.13 

5.5 

.003 

1 

.04 

6.5 

.002 

2 

.09 

7.5 

.003 

1 

.04 

8.5 

.003 

3 

.13 

9.5 

.009 

5 

.22 

10.5 

.008 

8 

.36 

11.5 

.022 

9 

.40 

12.5 

.046 

15 

.67 

13.5 

.045 

21 

.94 

14.5 

.042 

20 

.90 

15.5 

.048 

26 

1.16 

16.5 

.048 

21 

.94 

17.5 

.050 

20 

.90 

18.5 

.055 

28 

1 .25 

19.5 

.060 

16 

.72 

20.5 

.067 

21 

.94 

21 .5 

.065 

23 

1 .03 

22.5 

.067 

21 

.94 

23.5 

.067 

24 

1 .08 

24.5 

.075 

15 

.67 


R = 
00 

7.9 x 10 

5 per 

inch 


X, in. 

P/ q r 

percent 

V 

kHz 

X 

10 5 

4.5 

0.006 

2 

0.0 

6 

5.5 

.001 

1 

.0 

3 

6.5 

.005 

6 

.1 

8 

7.5 

.001 

8 

.2 

4 

8.5 

.003 

15 

.4 

5 

9.5 

.006 

25 

.7 

5 

10.5 

.023 

35 

1 .0 

5 

11 .5 

.033 

45 

1.3 

5 

12.5 

.032 

44 

1 .3 

2 

13.5 

.026 

30 

.9 

0 

14.5 

.029 

18 

.5 

4 

15.5 

.038 

14 

.4 

2 

16.5 

.042 

13 

.3 

9 

17.5 

.047 

18 

.5 

4 

18.5 

.049 

17 

.5 

1 

19.5 

.051 

14 

.4 

2 

20.5 

.055 

15 

.4 

5 

21 .5 

.055 

12 

.3 

6 

22.5 

.058 

12 

.3 

6 

23.5 

.056 

22 

.6 

6 

24.5 

.063 

14 

.4 

2 


R» = 

10.0 x io 5 pe 

c inch 

X, in. 

p/q, 

percent 

f , 

m 

kHz 

F m x 10 5 
m 


.009 32 

.013 28 

.016 27 

30 


X, in. 


= 12.6 x 10 3 per inch 


p/q. 

percent 


0.006 32 

.014 32 

.017 42 

.019 38 

31 
26 

32 
35 

.032 I 32 










































TABLE III.- DIMENSIONLESS FREQUENCY AT SPECTRAL PEAK OF STREAM 
DISTURBANCES IN CONVENTIONAL TUNNELS AND FLIGHT 
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TABLE IV.- SOURCE OF DATA AND CONDITIONS FOR CORRELATION FIGURES 


[Used in figures 3 to 5 and 7 to 10] 


Symbol 

Roo/in. 

M 

CO 

1 

! M 

e 

Reference 

Source 

□ 

5.3 to 14.8 x io 5 

3.5 

3.4 

19 

PQ tunnel with 2-D nozzle at LRC (B.V. open) 

ffl 

2.5 to 14.8 

3.5 

3.4 

19 

PQ tunnel with 2-D nozzle at LRC (B.V. closed) 

0 

6.1 to 1 1 .4 

5 

4.7 

Schopper 

PQ tunnel with axisymmetric nozzle at LRC (B.V. open) 

© 

a 4.4 to 11.6 

5 

4.7 

Schopper 

PQ tunnel with axisymmetric nozzle at LRC (B.V. closed) 

o 

2.0 to 2.4 

1 .6 to 2.0 

1 .5 to 1 .9 

38 

Langley 4-Foot Supersonic Pressure Tunnel 

A 

2.1 to 4 . 1 

2.9 

2.8 

38 

Langley Unitary Plan Wind Tunnel (T.S. No. 1) 

V 

1 .7 to 4.3 

2.9 to 3.5 

2.8 to 3.4 

38 

Langley Unitary Plan Wind Tunnel (T.S. No. 2) 

0 

1.7 to 10.0 

6.0 

5 

5, 6 

Langley 20-Inch Hypersonic Tunnel 

SI 

5.1 to 16.2 

6.0 

5 

5, 6 

Mach 6 high Reynolds number tunnel at LRC 

A 

1.9 to 2.9 

1.6 to 2.5 

1.6 to 2.4 

38 

Ames 9- by 7-Foot Supersonic Tunnel 

0 

1 .6 to 5 .4 

2.9 to 4.1 

2.8 to 3.9 

38 

AEDC Tunnel A 

o 

3.4 

1 .8 to 4.5 

1.8 to 4.4 

39 

JPL 20-Inch Supersonic Tunnel 

a 

2.9 to 3.6 

1 .6 to 1 .8 

1 .5 to 1 .8 

40 

5° half -angle cone on F-15 airplane 


a In figures 8(c) and 9, R„ = 7.0 x io 5 per inch. 


4 



R /in. 

e 


(a) Bleed valve open; cones in upstream location. 

Figure 1 Variation of R _ with R on sharp-tip, 5° half-angle cones in two 

O f X o 

quiet tunnels compared with previous flight and wind-tunnel data. 



4 - 


Quiet- tunnel data 
M ro M g X^.. , in. Reference 

□ 3.5 3.4 8.0 19 

05 4.7 7.6 Schopper 

2 - 


i 



2 4 6 8 2 4 6 


Rg/in. 

(b) Bleed valve open; cones in downstream location 


u> 

to 


Figure 1 Continued. 






NOZZLE EXIT 



DISTANCE FROM THROAT. X, in. 

(a) R ro « 2.5 x 10^ and 5.3 x 10^ per inch; bleed valve open. 

Figure 2.- Variation along centerline of normalized rms static pressure from hot-wire measurements. Upp> 
part of figure shows locations of transition on cone in its two test positions for approximately 

the same unit Reynolds numbers denoted by the corresponding symbol used for rms pressure data. 


















o 



<p/q> 


Figure 3.- Variation of R e>T with <p/q> defined by equation (2). The solid line denotes a least- 
squares fit of conventional wind-tunnel and flight data. The symbols, flow conditions, and sources 
of the data used in this figure and in the remaining correlation figures are given in table IV. 













X, in. 


(a) Bleed valve open. 

Figure 6.- Variation of F__R_ with X along nozzle axis in two quiet tunnels 



(b) Bleed 


Figure 6.- 
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with N 


1 

where N = • — - 
S T 


r s ~ F R 
j N p m °° 

Jn " °* 25 

*'0 q 


ds + 1 3 


Data symbols are defined in table IV. 


Figure 7.- Correlation of R 
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Figure 8 
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with N. Data symbols are defined in table IV 
















1. Report No. 


2. Government Accession No. 


NASA TP-2229 ( 

4. Title and Subtitle 

CORRELATIONS OF SUPERSONIC BOUNDARY-LAYER 
TRANSITION ON CONES INCLUDING EFFECTS OF LARGE 
AXIAL VARIATIONS IN WIND-TUNNEL NOISE 


7. Author(s) 

Fang-Jenq Chen, Ivan E. Beckwith, 
and Theodore R. Creel, Jr. 

9. Performing Organization Name and Address 


NASA Langley Research Center 
Hampton, VA 23665 


12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, DC 20546 


15. Supplementary Notes 


3. Recipient's Catalog No. 

5. Report Date 

January 1984 

6. Performing Organization Code 

505-31-13-05 

8. Performing Organization Report No. 

L-15669 
10. Work Unit No. 


11. Contract or Grant No. 


13. Type of Report and Period Covered 
Technical Paper 

14. Sponsoring Agency Code 


Fang-Jenq Chen: Systems and Applied Sciences Corporation, Hampton, Virginia. 

Ivan E. Beckwith and Theodore R. Creel, Jr.: Langley Research Center, 

Hampton, Virgi nia. __ _ __ . . 

16. Abstract 


Transition data on sharp-tip cones in two pilot low-disturbance wind tunnels at Mach 
numbers of 3.5 and 5 have been correlated in terms of noise parameters with data from 
several conventional wind tunnels and with data from supersonic flight tests on the 
Arnold Engineering Development Center transition cone. The noise parameters were 
developed to account for the large axial variations of the free-stream noise and the 
very-high-frequency noise spectra that occurred in the low-disturbance tunnels for 
some test conditions. The noise could be varied in these tunnels from high levels, 
approaching those in conventional tunnels, to extremely low levels. The correlations 
indicated that transition in the low-disturbance tunnels was dominated by the local 
stream noise that was incident on the cone boundary layer upstream of the neutral 
stability point. The correlation results also suggested that high-frequency com- 
ponents of the low-disturbance-tunnel noise spectra had significant effects on 
transition when the noise was incident on the boundary layer both upstream and 
downstream of the neutral stability point. 


17 . 


Key Words (Suggested by Author(s) ) 


18. Distribution Statement 


Supersonic wind tunnel 
Free-stream noise 
Transition 
Boundary layer 


Unclassified 


Unlimited 


Subject Category 


19. Security Classif. (of this report) 

20. Security Classif. (of this page) 

21. No. of Pages 

22. Price 

Unclassified 

Unclassified 

54 

A04 


34 


For sale by the National Technical Information Service, Springfield, Virginia 22161 


NASA-Langley, 1984 


National Aeronautics 
Space Administration 

Washington, D.C. 
20546 

Official Business 

Penalty for Private Use, $300 


and 


THIRD-CLASS BULK RATE 


Postage and Fees Paid 
National Aeronautics and 
Space Administration 
NASA-451 



84n 

c I OF frit Aik FOkCF 
A^kEAPows LAdOkATO^ 
sf 1 .'!’ TECHNICAL library 
Klkl'L AND AFB Nm 87 I I / 


20 S00V03DS 


( SUL) 




POSTMASTER: 


If Undeliverable (Section 158 
Postal Manual) Do Not Return 



